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med.ovgu.de (D. Siemen).Three types of potassium channels cooperate with the permeability transition pore (PTP) in the
inner mitochondrial membranes of various tissues, mtK(ATP), mtBK, and mtKv1.3. While the latter
two share similarities with their plasmamembrane counterparts, mtK(ATP) exhibits considerable dif-
ferences with the plasma membrane K(ATP)-channel. One important function seems to be suppres-
sion of release of proapototic substances from mitochondria through the PTP. Open potassium
channels tend to keep the PTP closed thus acting as antiapoptotic. Nevertheless, in their mode of
action there are considerable differences among them. This review introduces three K+-channels
and the PTP, and discusses known facts about their interaction.
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It is known since long that isolated mitochondria may undergo
swelling in response to valinomycin and that this response is sup-
pressed upon removal of K+-ions from the medium [1, review: 2].
Later it was found that K+-uptake, H+-release rates and mitochon-
drial membrane potentials (DW) in valinomycin-treated mito-
chondria under various conditions were not in accordance with
the theory that the permeant cations are distributed in steady state
at electrochemical equilibrium [3]. Instead data suggested the
presence of a pump together with a leak mechanism of ion uptake.
However, a considerable K+-conductance would speak against pos-
tulate 4 of Peter Mitchell’s chemiosmotic theory that requires a
membrane of low permeability to solutes in general and to hydro-
gen ions and hydroxyl ions in particular [4]. Therefore, it came as a
surprise when various reports about mitochondrial potassium
channels appeared [5–7]. At the moment, ﬁve different K+-chan-
nels have been described in the inner mitochondrial membrane
(IMM), all of them responsible for a K+-inﬂux. In the order of dis-
covery these channels are (i) a mitochondrial ATP-sensitive K+-chemical Societies. Published by E
ogy, Otto-von-Guericke-Uni-
rmany. Fax: +49 (0)391 67
gdeburg.de, detlef.siemen@channel (mtK(ATP)), (ii) a Ca2+-activated K+-channel of the BK-type
(Kv1.1), (iii) a voltage sensitive K+-channel of the Kv1.3-type, (iv)
a TASK-3 channel, and (v) a Ca2+-activated K+-channel of interme-
diate conductance (Kv3.1) [7–11]. Only the ﬁrst three out of these
ﬁve channels will be considered here.
Besides the K+-conductance of the inner membrane, an almost
complete loss of DW by opening of a very large conductance is
known since the 1950s [12]. Its large size allows passage of solutes
of a size up to 1500 Da [13]. Thus, opening of this enormous pore
by a high Ca2+-concentration alone or in combination with Pi,
low nucleotide concentration, reactive oxygene species (ROS), high
pH, low Mg2+-concentration, and others leads to almost complete
loss of DW, a complete loss of the mitochondrial Ca2+-retention
capacity (CRC) with dramatic consequences for enzymatic function
within the matrix, and a release of proapoptotic substances ulti-
mately leading to cell death. The rather dramatic loss of DW has
been dubbed permeability transition (PT) and the assumed pore
responsible for it consequently permeability transition pore (PTP).
Searching for ‘‘permeability transition” and ‘‘mitochondria” in Pub-
med delivers more than 2600 papers at the moment demonstrating
the signiﬁcance of PT for mitochondrial research.
Since the 1990s, evidence has emerged that the PTP may be un-
der the inﬂuence of the K+-conductance of the mitochondrial mem-
brane [14]. The aim of this paper is to collect published arguments
speaking in favor of the hypothesis that an open K+-channel in the
IMM tends to keep the PTP closed.lsevier B.V. All rights reserved.
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2.1. mtK(ATP)-channel
The ﬁrst report about a mtK(ATP) was from single-channel mea-
surements by patch clamp from liver mitoplasts [7, review: 15].
Mitoplasts are a prerequisite for studying mitochondrial ion chan-
nels from the IMM with the patch-clamp technique. The outer
membrane (OM) is stripped of the inner, thus delivering nicely
ball-shaped absolutely round vesicles of inner membrane with
dark spots, the adhering points of the remnants of the OM
[16,17]. ATP, 4-aminopyridine, and glybenclamide inhibited this
channel from the matrix side. The single-channel conductance at
negative potentials (i.e. determined from inward currents) was re-
ported to be 10 pS but, as unphysiological low K+-concentrations
were used, it should be higher under normal conditions. The
authors conclude that mitochondria may depolarize by generating
a K+-conductance at low ATP in the matrix. Subsequently, such a
channel was found also in mitochondria of other tissues like heart,
brain, and skeletal muscle [18–21]. Paucek et al. describe a K+-
selective channel with a conductance of 30 pS after reconstituting
highly puriﬁed inner membrane into planar lipid bilayers and a
catalyzing K+-ﬂux when reconstituted into liposomes [18]. They
did not see voltage dependence or permeation of sodium ions. Baj-
gar et al. [19] pointed out that the density of this channel (per mg
mitochondrial protein) is several times higher in brain than in liver
or heart. A pH-dependent mtK(ATP) with a single-channel conduc-
tance of >100 pS was also identiﬁed after reconstitution into planar
lipid bilayers [22]. Thus, some characteristics are observed which
resemble those of the plasma-membrane K(ATP)-channel and others
which do not.
The most striking difference to its plasma-membrane counter-
part is the pharmacology of the mitochondrial channel. The
mtK(ATP) is opened by diazoxide, RP66471, and other openers,
while it is blocked by 5-hydroxydecanoic acid (5-HD) or the antidi-
abetic sulfonylurea glibenclamide [reviews: 23,24]. Only the diaz-
oxide effect, which is 2000-fold stronger at the mitochondria than
at the plasma membrane, is inhibited by 5-HD and glibenclamideFig. 1. Single-channel records from amitoplast of rat astrocytes at a 200 lM Ca2+-concent
100 nM IbTx. Holding potential as indicated. Depolarization increases channel activity.
closed state of the channel.but the effect of RP66471 is not inhibited [20,25–27]. NO activated
the mtK(ATP) when supplied by a donor (SNAP) but it inhibited
when applied as NO gas [14,27,28]. The reason for these con-
tradicting results is not clear as was discussed by Dahlem et al.
[27]. However, the cardioprotective effect of NO could be abolished
by inhibition of the mtK(ATP) [29]. Although the mtK(ATP) could be
demonstrated by single-channel measurements, their distinct
pharmacology, their relatively high Na+-conductance together with
the fact that some modulators are metabolized by the mitochon-
dria feed an ongoing debate about its true nature [30, but see dis-
cussion in 31].
It has been extensively looked for plasma-membrane K+-chan-
nel proteins in various mitochondria. While a pore-forming Kir6.x
subunit was identiﬁed by antibody binding, the sulfonylurea
(SUR)-binding site could be a 28 kDa-protein that was labeled by
125I-glibenclamide [32–36]. However, another group did not suc-
ceed ﬁnding any K+-channel proteins [37]. One of the proposed
functions of the mtK(ATP) is mediating protection in ischemic pre-
conditioning. Others stress that presumably the bioenergetic ef-
fects of opening of the mtK(ATP) are small and the reduction of
DW would be a few mV only [38,39]. K+-inﬂux, however, would
be large enough to cause an increase in matrix volume sufﬁcient
to reverse the matrix contraction induced by oxidative phosphory-
lation [39].
2.2. mtBK-channel
Several years after the mtK(ATP), another channel was found in
mitochondria of the human glioma cell line LN229 that exhibited
a single-channel conductance of 295 ± 18 pS, a straight iE-relation
and a very regular pattern of channel kinetics [8]. Only occasionally
substates of smaller conductance were visible (Fig. 1). Exchanging
K+- against Na+-ions caused the currents to disappear speaking in
favor of a K+-selective channel. First, a clear voltage dependence
was detected in a way that depolarization increased the probability
of being in the open state (Po) increased from about zero at60 mV
to 0. 95 at +60 mV in a bath solution with about 10 lM Ca2+. The
next footprint was Ca2+-dependence: at a depolarization toration demonstrate activity of a 295 pS BK-channel that can be partially inhibited by
Occasionally, short-lived substates of lower conductance can be seen. Arrows give
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equation with an EC50 of 0.9 lM and a Hill coefﬁcient of 2.6. At
more hyperpolarizing potentials the concentration response curve
was shifted towards higher Ca2+-concentrations. Finally, the inhib-
iting effects of the scorpion toxins charybdotoxin (ChTx;
IC50 = 1.4 nM at 40 mV) and iberiotoxin (IbTx) became promi-
nent, both inhibitors of K+-channels with IbTx being more selective
for the Ca2+-activated K+-channel of the BK type. Comparing our
data with the earlier literature, we saw a striking similarity of this
mtBK with the patch-clamped plasma membrane BK-channel as it
was described, e.g. by Barret et al. [40].
At this time, only reports of the mtK(ATP) had been published [7],
the mtBK came as a surprise and again extended proofs were per-
formed in different labs to ensure that it was really recorded from
the IMM [8,41,42, for review: 15,35], though it was stressed that
ion channels might have been introduced to the mitochondrial
membranes by the mitochondrial preparation procedure [43].
Research on the mtBK was pushed forward by the observation
that it protected guinea pig ventricular cells against infarction
[41]. The myocyte mtBK ﬁt in size (307 ± 5 pS) to the glioma
derived BK and showed a similar kinetical pattern with different
substates, were activated by Ca2+ and were inhibited by ChTx (from
the scorpion Leiurus quinquestriatus), IbTx (from the scorpion
Buthus tamulus), and paxilline (mycotoxin from Penicillium paxil-
li) but not by 5-HD. The channel contributed signiﬁcantly to potas-
sium uptake into the matrix as was shown by a K+-selective
ﬂuorescent indicator in saponin-permeabilized ﬁbers.
The mtBK was investigated under hypoxia, which means a de-
creased oxygen availability initiating events like expression of HIF-
1, energy deﬁciency, failure of pH homeostasis, and even apoptosis
[44,45]. Furthermore, activation of the mtBK by nitrogen-induced
hypoxia was observed patch-clamping mitoplasts of LN229 and of
astrocytes [46,47]. The response of the mtBK to hypoxia could be
considered as antiapoptotic and cytoprotective being due to the in-
creased mitochondrial potassium uptake and the resulting Ca2+-
dilution [41]. However, in earlier publications it had been shown
that the BK-channel in the plasma membrane was inhibited by hy-
poxia and this inhibitionmightbemediatedbyhypoxia-inducedcel-
lular processes [48,49]. According to these observations, the effects
of hypoxia on the mtBK and on the BK-channel in the plasmamem-
brane are opposite. BK-channels are constituted of 4a-subunits and
4b-subunits and their activity ismodulated by the C-terminal region
of the a-subunits, the regulatory b-subunits, and interaction of
a- and b-subunits. These regulatory sites might be the targets of
hypoxia or hypoxia-induced signaling [50–52]. The mtBK b-subunit
of cardiac mitochondria was identiﬁed as b1 while that of skeletal
muscle mitochondria is b4 [42,53].
2.3. Kv1.3-channel
Like its counterpart in the plasma membrane, mtKv1.3-chan-
nels form tetramers of a large pore-forming subunit a together
with tetramers of a smaller regulatory b-subunit and it can be acti-
vated in early or later phases of apoptosis [review: 54]. About 12
years ago it was found that the n-type K+-channel, also called
Kv1.3, is involved in Fas/Apo-I/CD95-induced apoptosis in lympho-
cytes [55]. One of the substances upregulated by Fas-stimulation is
ceramide which is produced by acid sphingomyelinase. Ceramide
activates the Src-like tyrosine kinase which stimulates tyrosine
phosphorylation of the Kv1.3. By this way ceramide seems to inhi-
bit the channel [55]. The same group showed that, besides its long-
known presence in the plasma membrane of various cell types, the
Kv1.3 exists also in the IMM (mtKv1.3) [9,56,57]. From patch-
clamp a single-channel conductance well below 25 pS could be
determined and a moderate inward rectiﬁcation. While there is a
clear inactivation of the currents visible under whole-cell condi-tions [57], there is less inactivation in single-channel experiments
on mitoplasts [own observations at mitoplasts from astrocytes and
Jurkat cells, unpublished]. Gating is rather slow and the open prob-
ability increases with depolarization, though less than in the plas-
ma membrane. Therefore channels may still be open at the normal
DW ( 180 mV) [54]. mtKv1.3 inactivates only slowly if at all. It
is highly sensitive to margatoxin from the venom of the South
American scorpion Centruroides margaritatus applied from the out-
side of the membrane.
3. The mitochondrial permeability transition pore
The term ‘‘calcium-induced conﬁgurational transition from
the aggregated to the orthodox state going in parallel with in-
creased permeability” was used ﬁrst by Ref. [58]. Annoying for
most scientists working on the PTP, the molecular nature of this
conductance is still unknown though considerable attempts have
been undertaken for its identiﬁcation. Lehninger had published
already in 1959 that various types of mitochondrial swelling
could be reversed by ATP [59]. Thus, next to Ca2+, the purine
nucleotides seemed to be important for the functional state of
the PTP. Four observations led to assume that a modiﬁed ADP/
ATP transporter (ANT) could be the core-component of the
PTP: (i) the ANT could be reversibly converted into a large chan-
nel, (ii) the PTP could be inhibited by Bongkrekic acid (BA) like
the ANT, (iii) the PTP could be inhibited by adenine nucleotides
at similar concentrations and with similar speciﬁcity as the ANT,
and (iv) this inhibition could be abolished by carboxyatractylo-
side known to arrest the ANT in the c-conformation [60–62, re-
view: 43]. However, PTP opening has been shown in ANT knock-
out mitochondria as well and it could be blocked by cyclosporin
A (CsA) [63]. Thus ANT seems to be involved in PT without being
essential.
Another step forward to understanding function of the PTP was
the observation that it could be inhibited by low concentrations of
the immunosuppressant CsA [64,65]. CsA acts by binding to cyclo-
philin D (CyP D) of the mitochondrial matrix roughly at concentra-
tions which were observed to inhibit the PTP [66,67]. The
inhibiting effect of CsA can be reduced by moderately increased
Ca2+-concentrations [68]. However, Ca2+-ions are necessary to
open the PTP at all, and mitochondria of mice devoid of the gene
Ppif (encoding the CyP D) are lacking a CsA response but they show
an increased CRC resembling the response in wild-type mitochon-
dria after CsA-treatment [69–72]. Other authors have shown that
the PTP is not directly sensitive to CsA and CyP D ablation but
rather to the presence of phosphate in the medium [73]. From
these results it was concluded that CyP D is not essential for PT
but has a modulating inﬂuence on the pore.
Puzzled by the question how cytochrome c could leave the
mitochondrial intermembrane space during initiation of apoptosis,
it has been frequently suggested that the voltage dependent anion
channel (VDAC) would be part of a PTP-complex [74, review: 75].
However, it should be stressed that, e.g. cytochrome c, a key factor
in apoptosis that has to cross the OM, is not able to pass the VDAC
under normal conditions [76,77, review: 78]. Furthermore, PT
seems to be present in mitochondria devoid of all isoforms of VDAC
[79] and the Ca2+-concentrations required for release of cyto-
chrome c from brain mitochondria (1 lM) and for opening of
the PTP in brain mitochondria (200 lM) are considerably differ-
ent [80]. Thus, alternative hypotheses for the release of apoptotic
factors were developed: (i) forming of autonomous pores by or to-
gether with the proapoptotic members of the Bcl-2 family, (ii)
forming of protein-protein interactions at the contact sites, or
(iii) simply membrane rupture due to the colloidosmotic pressure
from matrix swelling [81,82]. Understanding PT is complicated by
the fact that the PTP can operate also with a low-conductance
Fig. 2. Single-channel record of a PTP from a rat liver mitoplast. Very large single-
channel conductance of about 1 nS at a holding potential of 20 mV. At least three
substates between the closed state (marked by dashed line) and the fully open
state. The second largest state shows more noise than the fully open state, probably
due to fast ﬂickering to a further substate that cannot be separated by eye.
2008 Y. Cheng et al. / FEBS Letters 584 (2010) 2005–2012mode in which it is Ca2+-selective and which, by allowing for Ca2+-
efﬂux at lowered DW, is protective [83].
The reader is left with the conclusion that the true nature of the
PTP is still rather opaque. We seem to be far from understanding
which protein fulﬁlls which task, though it seems obvious that nor-
mal function of the pore depends on cooperation of several pro-
teins, leading some scientists to talk of the PTP-complex [84]. It
is not even sure that the pore is a protein. From a chloroform
extract from isolated, dehydrated rat liver mitochondria a chan-
nel-forming complex was isolated likely to consist out of poly-3-
hydroxybutyrate and calcium polyphosphate [85]. This complex
resembled the PTP in several aspects. A polyphosphatase was able
to alter mitochondrial metabolism and ion transport [86].
Though lacking information about the structure, one can nicely
record single-channel current events of a Ca2+-activated pore [87–
91]. First, the channel had been named multiconductance channel
(MCC) or mitochondrial megachannel (MMC) because of its enor-
mous single-channel conductance of P1 nS (Fig. 2) [92]. Another
striking feature is its large number of substates which may show
strikingly different kinetics and noise amplitude [91]. While theo-
retically the largest state should show the largest noise, the PTP
may show larger noise amplitude in some of the substate due to
fast ﬂickering between two neighboring substates. The current
events can be modulated by a large variety of compounds, among
them CsA, the speciﬁc inhibitor of the PTP [68,90]. As a result of
this set of experiments it was concluded that MCC (=MMC) and
PTP are different names for the same entity. From concentration–
response curves for Ca2+-activation an EC50 of 10 lM was deter-
mined and for CsA an IC50 of 30 nM [91,93].4. Interaction of mtK-channels with the PTP
Interaction with the PTP has been suggested for the three mtK-
channels included in this review. For all of them inhibition seemed
to be detrimental while activation turned out to be protective
[14,41,53,57,94]. Detrimental effects may lead to necrotic (e.g. after
ischemia-reperfusion injury) or apoptotic cell death [64,95,96].4.1. mtK(ATP)-channel
Opening of mtK(ATP) or the potassium ionophore valinomycin
abrogate PTP opening in heart, liver, and brain mitochondria
[94]. The following scheme had been suggested: activated cGMP-
dependent protein kinase (PKG) which cannot cross the OM phos-
phorylates a protein at the external surface of the OM. This leads
by an unknownmechanism to activation of PKe presumably bound
to the outer surface of the IMM. It phosphorylates mtK(ATP) causing
it to open. K+-inﬂux leads to matrix alkalinization causing a modest
ROS production of H2O2. Increased H2O2 or NO concentrations acti-
vate PKe from a different, inner pool directly inhibiting the PTP.
Raised H2O2 can also activate the outer PKe thus inducing a posi-
tive feedback loop [94,97,98].However, different behavior in Ca2+-induced swelling of rat li-
ver mitochondria (RLM) and rat brain mitochondria (RBM) was
found when 5-HD was applied in a potassium medium for inhibit-
ing the mtK(ATP) [99]. Swelling was inhibited by CsA. Again, it was
the idea that a closed potassium channel should promote opening
of the PTP but this mechanismworked only in RLM. However, Ca2+-
induced swelling of RLM in the presence of 200 lM ATP could not
be further increased by 5-HD.
The matter turned out to be more complicated when neuronal
cells were used in a different approach. In the N2A neuroblastoma
cell line the continuous application of ATP causes a biphasic cyto-
solic Ca2+-response which is sensitive to Ca2+-depletion of the
endoplasmatic reticulum and the Ca2+-ATPase SERCA [100]. PTP-
inhibition by CsA or one of its derivatives, in agreement with PTP
closure, caused ampliﬁcation of its second Ca2+-peak and induced
hyperpolarization of AT. Diazoxide ameliorated the second Ca2+-
peak and depolarized AT. When diazoxide and CsA were applied
together the second Ca2+-peak was not transient anymore and a
hyperpolarization of DW was missing. These results can be inter-
preted as a sign of a mtK(ATP)-PTP interaction [100]. In another ap-
proach neuroprotection was tested more directly using mtK(ATP)-
and PTP-modulators in rats exposed to middle cerebral artery
occlusion (MCAO) [101]. The authors concluded that Ca2+-overload
was successfully attenuated by opening of the mtK(ATP)) leading to
closure of the PTP.
Furthermore, it has been shown that 100 lM diazoxide
protected neonatal rat ventricular cardiomyocytes but not the
heart-derived myogenic cell line H9c2 against ischemia or hydro-
gen peroxide-induced injury. Also the peroxide-related depolariza-
tion was prevented in the neonatal cardiomyocytes and these
effects were antagonized by 5-HD. The bcl-2 expression was not
inﬂuenced by diazoxide [102]. This effect could not be explained
by antioxidative properties of diazoxide because it could not be
mimicked by other antioxidants [20]. Akao et al. distinguished
three different phases of the H2O2-induced response which were
differentially inﬂuenced by cardioprotective agents thus leading
to a proposed mechanism involving interaction of mtK(ATP)) and
PTP [103].
The signiﬁcance of the mtK-channel-PTP interaction for cell sur-
vival becomes very obvious too by the observation that known
inhibitors of the PTP (CsA, N-methyl-4-valine-CsA) increased the
time to PT about 2-fold and the time to rigor contracture (ATP deple-
tion) 1.5-fold as comparedwith control. Both, hypoxic or pharmaco-
logical preconditioning (by diazoxide or nicorandil) increased these
times almost to the same extent, however, not in the presence of the
mtK(ATP)) inhibitors glibenclamide or 5-HD [104]. The sarcolemmal
K(ATP))-channel inhibitor HMR-1098 was without effect. Moreover,
the protective effects of puerarin and testosterone (patch-clamp)
against ischemia/reperfusion injury was found to be mediated by
the mtK-channel and the PTP [105,106].
The interaction of both channels was also proved in neuronal
apoptotic cell death [107]. In cerebral granule cells mtK(ATP)-open-
ers reduced the number of TUNEL-positive cells, the increase of
caspase-3, and the decrease of DW induced by H2O2. These effects
were abolished by 5-HD. The authors thus also conﬁrmed the
involvement of the PTP in the apoptotic cascade in neurons be-
cause CsA and BA prevented the AT-loss.
4.2. mtBK-channel
Inspired by the beneﬁcial function of the mtK(ATP) against ische-
mic damage it was thought about such a function of the mtBK as
well [41]. Xu et al. ﬁrst ensured that the mtBK is present in guinea
pig ventricular cells and then that it is responsible for K+-uptake: a
BK-channel opener (NS-1619) accelerated the uptake while inhib-
itors (ChTx, IbTx, quinine) slowed it down. They ﬁnally demon-
Y. Cheng et al. / FEBS Letters 584 (2010) 2005–2012 2009strated that NS-1619 improved the coronary blood ﬂow concentra-
tion-dependently and halved the extent of myocardial infarction.
This effect was completely blocked by the K(Ca)-antagonist paxil-
line. Similar results are described in more detail by Cao et al. [108].
Halving of ischemia induced cell damage was also observed
after application of the neuroprotectant melatonine before MCAO
[109]. Furthermore, melatonine prevented loss of DW, release of
cytochrome c from the mitochondria, and caspase-3 activation.
These cell-death related observations agree with a block of the
PTP by melatonine which was additionally demonstrated by sin-
gle-channel patch clamp. It was thus tempting to hypothesize that
open mtBKs are able to keep the PTP closed. However, more exper-
iments are required to prove the interaction of mtBK and PTP.
Therefore, themodulating effect of anoxia on themtBKwas used
to test the response of the PTP. Dithionite (DTN) had increased Po of
themtBK in single-channel experiments onmitoplasts. Thus,DW of
intact rat brain mitochondria was measured and it was determined
how many aliquots of 50 lM Ca2+ had to be added for inducing PT
(Fig. 3) [47]. The total Ca2+-concentration required increased by
application of 1 mM DTN but it decreased when mtBKs were
blocked by 100 nM IbTx. These experiments support the presence
of mtBKs in intactmitochondria in general and they further indicate
that open mtBKs tend to keep the PTP closed.
Further important evidence for such an interaction of K+-chan-
nels in general results from work on the cardioprotective effects of
epoxyeicosatrienoic acids (EET) [110]. EET was improving postis-
chemic left ventricular developed pressure (LVDP) recovery in
three different ways. This improvement was abolished by applica-
tion of the PTP opener atractyloside as well as by the mtK-channel
inhibitors paxilline or 5-HD. The atractyloside effect could be also
shown in cardiomyocytes on the cellular level and CsA was able to
attenuate this effect. EET and CsA were not additive in their effects,Fig. 3. Recording of the Ca2+-induced depolarization of the mitochondrial membrane
demonstrates interaction of the mtBK and PTP. (A) Under control conditions, application o
measured safranine O concentration increased irreversibly. (B) DTN that had been sho
probability of the mtBK, required 5 times the application of 50 lM Ca2+ to open the PTP i
only 3 times application of 50 lM Ca2+ was required to open the PTP irreversibly. Ra
experiments under similar conditions with similar results.however. Additionally, the authors tested the inﬂuence of different
K+-channel modulators on DW. They found that both, the mtBK
opener NS1619 and the mtK(ATP) opener diazoxide signiﬁcantly re-
duced the decrease of DW induced by laser irradiation to a similar
degree as was the case with EET [110]. Coincubation with paxilline
or 5-HD abolished these effects.
Similarly, tumor necrosis factor a (TNF-a), known to trigger
cardioprotection after postischemic damage, improved the recov-
ery of the rate-pressure product (heart rate * LVDP) and coronary
ﬂow after reperfusion, and it reduced the infarct size and the re-
lease of LDH. Again these effects which could be mimicked by CsA
or NS1619, could be antagonized by atractyloside or paxilline
[111]. The authors conclude that protection develops by opening
the mtBK and inhibiting the PTP downstream of the mtBK. They
found additionally that, together with the mtK(ATP)), the mtBK
contributes to the cardioprotective effect of puerarin and that this
effect is mediated by PKC [112]. As NS1619 turned out to activate
also other channels than BK-channels, and as it, additionally, may
have effects on mitochondria which are unrelated to mtBK it was
important to ﬁnd more speciﬁc mtBK openers [113,114]. NS11021
(1-(3,5-bis-triﬂuoromethyl-phenyl)-3-[4-bromo-2(1H-tetrazol-
5-yl)-phenyl]-thiourea) is a novel, chemically unrelated, more
speciﬁc, and potent agonist [115]. This agonist activated heterol-
ogously expressed BK b + a1 channel complexes and reduced,
when given prior, infarct size after ischemia. The effect was abol-
ished by paxilline [113].
Sato et al. saw that opening of the mtBK depolarized DW and
attenuated the mitochondrial Ca2+-overload [116]. These effects
could be modulated by the cAMP-dependent protein kinase PKA
and are independent from cardioprotection via mtK(ATP)-activation
(PKC dependent). They point out however, that the Ca2+-binding
site of the channel is located at the matrix side and attenuationpotential as indicated by increased extramitochondrial safranine O ﬂuorescence
f 50 lM for 4 times was required to open the PTP in a way thatDW collapsed, i.e. the
wn to reduce the oxygen concentration in the medium and to increase the open
rreversibly. (C) After application of the speciﬁc BK-channel inhibitor IbTx (100 nM),
t liver mitoplasts were used in a KCl-based medium. Each record stands for ﬁve
2010 Y. Cheng et al. / FEBS Letters 584 (2010) 2005–2012of the Ca2+-overload by opening of the mtK(ATP) could possibly im-
pede the mtBK [116]. Ca2+-overload was also attenuated by an-
other mtBK opener 12,14-dichlorodehydroabietic acid (diCl-
DHAA) where channel-opening was controlled by patch-clamp,
however, the authors did not test for involvement of the PTP
[117]. The latter was shown in ventricular myocytes demonstrat-
ing additionally that mtBK reduces mitochondrial Ca2+-overload
more efﬁciently than mtK(ATP)) (IC50-values for diazoxide and for
NS1619 were 78 and 8 lM, respectively) [118]. Thus further re-
search is required for a better understanding of mtBK-function,
for further proving its cooperation with the PTP, and for separating
it functionally from the increasing number of other potassium
channels of the IMM.
4.3. Kv1.3-channel
Lymphocytes genetically deﬁcient of Kv1.3 or transfected with
siRNA to suppress channel expression were insensitive to various
proapoptotic stimuli [57]. The effect could be reversed by retrans-
fection of a Kv1.3 targeted to the mitochondria. This points to an
interaction of Bax with the Kv1.3 and the authors showed, indeed,
that they physically interact. Mitochondria containing the channel
responded to Bax, t-Bid, and margatoxin successively by hyperpo-
larization, ROS production, cytochrome c-release, and a subsequent
CsA-sensitive depolarization. Thus, this sequence of events is likely
to represent early closure of the Kv1.3 followed by opening of the
PTP, even at a low Ca2+-concentration. Mitochondria without
Kv1.3, however, were insensitive to Bax, t-Bid, andmargatoxin [57].
5. Conclusion
The mtK-channels seem to be included into cell-protective
mechanisms in more than one way. Opening of the channels will
gently increase the mitochondrial potassium uptake with a well
known swelling effect of the mitochondria counteracting oxida-
tive-phosphorylation dependent contraction. Additionally, it will
depolarize DW and thereby decrease the matrix Ca2+-concentra-
tion. Because of the large impact of matrix Ca2+ on enzyme activity,
this mechanism is considered to be protective. At the same time, a
reduced Ca2+-concentration will reduce the Po of the PTP which is
protective as well. ATP demand of an active cell is supplied by the
proton gradient that is produced by the respiratory chain. ATP de-
mand will be large after ischemia and at the same time there is a
higher risk of major ROS production. A mechanism that reduces
the Po of the PTP must be of advantage in this situation. Finally,
proapoptotic members of the Bcl2-family are known to induce re-
lease of proapoptotic factors from the mitochondrial intermem-
brane space by a mechanism that leads also to opening of the
PTP. Again, keeping the PTP closed seems advantageous. For lym-
phocyte mitochondria Kv1.3 was demonstrated to be the link be-
tween the upstream proapoptotic signaling cascade and the
events related to PTP opening and the downstream cascade. Thus,
keeping the K+-channels of the IMM open might be more impor-
tant than previously thought, and the way it is achieved seems
to differ from cell to cell depending on the types of mtK-channels
present in the IMM and on their density.
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